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ENVIRONMENTAL DEGRADATION OF MATERIALS

J.P. Hirth and F.A. McClintock

Abstract

The Conference was organized so that fundamental aspects
of stress-corrosion cracking were discussed on the first day from
a number of different viewpoints. Next, three groups met to con-
sider the possible application of these ideas to the diverse prob-
lems of cracking of stainless steel, particularly in nuclear
reactors; of the corrosion of high-strength alloys, particularly
aluminum and titanium; and of degradation of silicon nitride.

The results of these deliberations were presented and discussed
with the entire group on the final day, on which a general dis-
cussion of the field also ensued.

The initial paper in the following report is both a sum-
mary of the results of the Conference and an overview of the
field generated by the authors subsequent to the meeting. The

remainder represents the Proceedings of the Conference.
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ENVIRONMENTAL DEGRADATION OF STRESSED MATERIALS

I. SUMMARY REPORT

by

H.H. Johnson, A.J. Sedriks and M. Cohen

1. Introduction

This Conference was organized by Professors J.P. Hirth
and F.A. McClintock under the auspices of the ARPA Materials
Research Council, and took place at Woods Hole, Massachusetts,
during 21-23 July 1971. Although there was some attempt to deal
generally with the problem of environmental degradation of ma-
terials under stress, most of the emphasis was directed to
stress~corrosion cracking (SCC) phenomena.

Thirteen of the presented papers are assembled here as
the Proceedings of the Conference. In addition, there were
three separate sessions on related engineering problems involving
(a) stainless steels, (b) high~strength aluminum and titanium al-
loys, and (c) silicon nitride. Here, the objective was to assess
both the interplay and the gaps between recent basic research on
the subject and actual service experience. Digests of these
three sessions are given in Sections 7.1, 7.2 and 7.3.

This Summary Report also aims to provide a critical over-
view of the Conference, cutting across many of the informal dis-

cussions as well as the papers themselves. In such an undertak-

ing, it should be recognized that the summarizers (HHJ, AJS and MC)



could not possibly do justice to all the arguments and opinions

expressed; moreover, some of their own viewpoints may well have

entered the picture that emerges here.

2.

Participants

J.
M.
F.
D.
E.
J.
R.
J.
R.
S.
B.
H.
H.
R.
R.
J.
R.
P.
H.
R.
E.
A.
M.
R.
A,
H.
H.
J.
A.

3.

P. Hirth, Ohio State University

Cohen, Massachusetts Institute of Technology

A. McClintock, Massachusetts Institute of Technology
C. Drucker, University of Illinois

E. Hucke, University of Michigan

J. Gilman, Allied Chemical Corporation

Gomer, University of Chicago

R. Rice, Brown University

M. Thomson, Institute of Applied Technology

H. Bush, Battelle~Northwest

Cohen, AF Materials Laboratory

L. Gegel, AF Materials Laboratory

H. Johnson, Cornell University

P. Kambour, General Electric Company

Latanision, Research Institute for Advanced Studies
R. Low, Jr., Carnegie-Mellon University

A. Oriani, United States Steel Corporation

C. Paris, Del Research Corporation

W. Paxton, Carnegie-Mellon University

Pelloux, Massachusetts Institute of Technology

N. Pugh, University of Illinois

J. Sedriks, Research Institute for Advanced Studies
O. Speidel, Boeing Scientific Laboratory

W. Staehle, Ohio State University

R. Troiano, Case Western Reserve University

H. Uhlig, Massachusetts Institute of Technology

G. F. Wilsdorf, University of Virginia

Westbrook, General Electric Research & Development Center

R. C. Westwood, RIAS

Delineation of Mechanisms

discussed, we present herewith a classification scheme which seems
reasonable, at least to the summarizers. It should not be infer-

red, however, that general agreement was obtained on the matter

After a detailed examination of the various ScCC mechanisms

among the conferees.
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Starting with B. F. Brown's working definition, "Stress-
corrosion cracking (SCC) denotes a cracking process caused by
the conjoint action of stress and a corrodent,” it is evident
that both mechanical and chemical factors can operate, in vary-
ing degree, relative to each other. Accordingly, in Table I,
the proposed categories are arranged to indicate the interdepen-
dent roles of these factors in the SCC mechanisms.

In the dissolution mechanisms, the crack is thought to
propagate mainly through the removal of atoms by dissolution
from the crack tip. In this category, the film-rupture and
stress—accelerated subsets differ in certain ways. In the for-
mer (A.l), the role of plastic deformation is to prevent re-pas-
sivation at the crack tip te2 whereas in the stress-accelerated
case (A.2), plastic deformation is presumed to accelerate the
ongoing dissolution process by increasing the number of sites
favorable for dissolutiona. A major distinction between these
two types lies in the following: in A.l there is a tendency for
the crack tip to re-passivate by film formation, while in A.2
the crack tip is considered to be film-free (i.e. dissolution
will occur along an "active path," such as a grain boundary,

even in the absence of stress).

In the mechanical mechanisms, the SCC process takes place

by mechanical separation of the opposing crack surfaces. Here,
it is convenient to distinguish between two environmental sub-
sets: (B.l) hydrogen embrittlement at the crack tip and (B.2)
adsorption of a surface-active specie at the crack tip. Of

course, these two cases may not be mutually exclusive.

-3-
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The cause of hydrogen brittleness remains obscure. It
appears that the interaction between hydrogen and the host ma-
terial leads to a reduction in cohesive strength, either at an
external surface or an internal interface or in a small volume.
An alternate possibility is that void formation and growth are
catalyzed by hydrogen. However, the embrittlement observed in
low-pressure hydrogen gas 1is strong evidence against a crack-
growth mechanism that depends on high-pressure hydrogen precip-
itating in internal voids. Whatever the mechanism, the brittle-
ness occurs in a localized region and cannot be described as a
bulk effect; the brittle crack propagates by mechanical frac-
ture of the weakenedlregion. In some stress—-corrosion systems
at least, the hydrogen must be generated by reaction between
the metal and its environment, and the quantity of hydrogen
available may then be controlled by dissolution processes. Con-
sequently, dissolution may play a direct role even in mechanical
SCC mechanisms.

The adsorption concept suggests that surface-active
species are adsorbed and interact with strained atomic bonds at
the tip of a stressed crack, resulting in reduction of the
atomic-bond strength across the crack tip. This again is a
localized process, and the brittle crack is visualized to propa-
gate through the weakened atomic bonds. If hydrogen acts as a
surface-active specie in this sense, then hydrogen brittleness
(B.1) can be included in the adsorption subset (B.2). However,

it is not yet clear whether hydrogen exerts its influence exter-



nally or internally, and it seems advisable to distinguish
between the B.l and B.2 cases for the time being.

In the category of mixed mechanisms, two unit processes

are thought to be necessary, the first involving the formation
of a briﬁtle or weakened corrosion product at the crack tip,
and the second involving the mechanical fracture of this product.
Such phases may consist of oxides (e.g., Cu,0 in the brass/
ammonia system“) or regions of corrosion sponge formed by the
loss of one of the alloying elements (e.g., the gold-rich sponge
formed in nickel-gold alloys exposed to ferric chlorides). Both
the formation of the Cu,0 and the gold-rich sponge are thought
to involve dissolution, whereas the crack actually advances by
the mechanical rupture of these corrosion products. It is dif-
ficult to separate the processes in terms of importance, inas-
much as both appear to be necessary in the total stress-corrosion
phenomenon.

We now apply these SCC concepts to various types of en-
gineering materials: high-strength steels, aluminum alloys,
titanium alloys, stainless steels, glass and ceramics.

High-strength steels are very sensitive to environment-

induced cracking under certain circumstances. The yield strength
threshold for general susceptibility is around 180,000 to 200,000
psi, and water is the most common component in the aggressive en-
vironments. With lower yield strengths, there is relatively
little incidence of SCC in simple agqueous environments, but at

higher strength levels the problem can become epidemic unless
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appropriate measures are taken. Fracture-mechanics techniques
are most useful in characterizing this SCC system, since crack
propagation, rather than initiation, seems to be the dominant
feature in practical situations. Analysis of service failures
show that the water-accelerated fracture crack tends to emanate
from a prior flaw, such as a pre-existent crack or a localized
brittle structure resulting from unsatisfactory welding.

Oﬁly two SCC mechanisms are presently considered as
serious explanations of the water-induced cracking process:
localized anodic dissolution and hydrogen brittleness. It has
been known for many years, although perhaps not widely apprecia-
ted in stress-corrosion circles, that a steel membrane with water
at one surface can emit hydrogen at the other surface. This pre-
sumably results from an interaction between the steel and the
water, with hydrogen as a reaction product. A portion of the
hydrogen bubbles off as gas; the remainder is free to adsorb and
enter the steel where, because of its very high diffusivity, the
hydrogen will shortly appear at the output surface.

Relatively few experimental techniques are available to
differentiate between the dissolution and embrittlement mecha-
nisms. Fractography has been helpful in that analysis of frac-
ture surfaces has revealed no distinction between those fractures
known to be produced by hydrogen brittleness and those which re-

sult from SCC in agueous environments. However, such evidence

can scarcely be considered definitive.



A second and potentially more discriminating approach
~has been to determine the influence of applied macroscopic po-

tentials upon the SCC kinetics as expressed by, say, the time

to failure. It is frequently found that increasing the cathodic

potential will shorten the time to failure, indicating an accel-
eration of the fracturing process. It seems reasonable to at-
tribute this SCC to a hydrogen-brittleness mechanism, since
these are the conditions under which hydrogen brittleness is
often deliberately caused. Special significance has been at-
tached to results obtained under increasing anodic potentials,
because these experiments also indicate a decreasing fracture
time and, hence, an acceleration of the cracking process. In
the past, this was often considered evidence of an anodic dis-
solution process, for it was not at all clear that hydrogen
would be present at the tip of the crack under these conditions.
However, recent investigations suggest that hydrogen is,
in fact, available at the crack tip even under bulk anodic
potentials. Barth, Steigerwald, and Troiano6 have used a per-
meation technique to ascertain the conditions under which
hydrogen is discharged into a steel from an agueous environment.
Even under anodic potentials, they find that hydrogen does per-
meate through the steel if pitting is produced on the input
surface. Hydrogen permeation is not observed in the absence of
pitting. This suggests a close connection between the pitting
(or dissolution) phenomenon and the availability of hydrogen to

the steel in an agueous environment.
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This correlation has been clarified by the extensive
studies of B. F. Brown, et__al.’”? into the electrochemistry
of aqueous solutions in cracks. From measurements of local pH
and potential in the vicinity of a propagating crack, it was
demonstrated conclusively that the electrochemistry of the
aqueous solution at the tip of a crack is usually quite differ-
ent from the bulk chemistry of the environment. The aqueous-
solution chemistry in the vicinity of a crack tip always be-
comes sufficiently acidic to favor the breakdown of water and
the reduction of H+ ions. This is so even when the bulk solu-
tions are highly alkaline, or when the bulk specimen is at a
substantial anodic potential. This acidification process of
the solution in cracks is postulated to result from hydrolysis
of dissolving metal ions.

The stress-corrosion cracks in high-strength steels in
simple aqueous environments always seem to propagate under con-
ditions where the solution chemistry at the crack tip is thermo-
dynamically favorable for the discharge of hydrogen upon the
surface of the crack tip. This is strong presumptive evidence
that the mechanism of the cracking process is one of hydrogen
brittleness, and there is at present no equally compelling ex-
perimental reason to envision any other mechanism. Here again,
however, dissolution appears to play an important part in fur-

nishing the necessary electrochemical conditions for generating

the hydrogen.



From a practical standpoint, the problem of environmental
cracking of high-strength steels remains troublesome. A typical
threshold stress intensity for crack growth in agueous environ-

ments corresponds to stresses of approximately 10-15% of the

unaxial yield strength of the material. Failure times are short,

ranging from a few minutes to a few hours. There have been sub-
stantial efforts to improve the environmental-cracking perfor-
mance of high-strength steels by various thermal treatments, but
with comparatively little success. It has been possible to
devise procedures for increasing the failure time, but not in

sufficient magnitude to be of practical benefit. No real pro-

gress has been achieved in raising the threshold stress inten-
sity for crack growth, other than by lowering the yield strength

of the steel. These conclusions stem from investigations such

10,11

as those of Paxton, et al. who explored the environmental-

cracking behavior of maraging steels in aqueous environments

after many types of thermal treatment, and of 4340 steel with

ultrafine austenitic grain sizes. It was found possible to

manipulate the failure time to some extent, but the threshold
stress intensity for SCC remained discouragingly low.

Service problems in the stress-corrosion cracking of
high-strength steels almost invariably involve crack growth
from a pre—existing flaw, and so the current route to improve-
ment in this system is one of eliminating flaws. In the ab-
sence of flaws, the susceptibility of high-strength steels to

environmental cracking in aqueous environments can be much re-

duced.

-10-
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With regard to the SCC of aluminum alloys, Pryor and

12
Bothwell concluded in 1969 that no strong evidence existed

to favor either the hydrogen-embrittlement or brittle-film
mechanisms. They noted, however, that the classical electro-
chemical mechanism of Dix, which in terms of Table I would be
a dissolution mechanism, appeared to attract a large number
of proponents. This still seems to be the general opinion
today.

More recent studies on aluminum alloys have led to

further insights into the SCC mechanisms, particularly in the

3

1
case of the high-strength 7000 series. Speidel and co-workers

have demonstrated from an analysis of their crack velocity (V) |
vs. stress intensity (K) curves that different activation
energies govern the propagation of cracks in the K-dependent

14
and K-independent regimes of the V-K curves. Brown, et al.

have shown that the aqueous solution at the tip of a stress-

i L ) . 15
corrosion crack exhibits a pH = v 3.5, while Sedriks, et al.

found that this pH can be predicted from the solubility product
of freshly precipitated aluminum hydroxide. These observations.
are consistent with a crack-propagation mechanism involving dis-
solution. Moreover, in the K-dependent regime, the reported
activation energy of 20-30 kcal/mole is also consistent with a
dissolution mechanism.

However, in the K-independent regime, the activation

energy 1is only about 4 kcal/mole, which is considered much too

-11-



low for a dissolution process and which may be related to the
mass transport of chemical species in the aqueous solution13
Thus, the low activation energy in the K-independent regime
poses questions for further studies on the SCC mechanism under
such conditions. This also happens to be where crack-branching

is observed.

© Titanium alloys exhibit both intergranular and trans-

granular modes of fracture, and there is now evidence to suggest
that the intergranular type, which takes place primarily in
halogen-containing organic liquids, can be categorized as stress-
accelerated dissolution16 (A.2 in Table I). On the other hand,

the mechanism of the transgranular type of failure, which occurs

in high-strength titanium alloys in many environments, is subject

17

to continuing controversy. Powell and Scully have proposed

that transgranular failure results from an ingress of hydrogen
into the metal at the crack tip. Beckls, in contrast, considers
that certain ions or species selectively attack the stressed
metal atoms at the crack tip, leading to a cleavage process. Al-
though Beck does not identify this mechanism as adsorption-induced
embrittlement (i.e., B.2 in Table I), this seems to be a likely
possibility. Dissolution would appear tc be ruled out by the

high velocities at which such cracks propagate. For example,
Pugh, et al.19 have noted that the observed propagation rates of
transgranular cracks in a Ti-8-1-1 alloy exposed to agqueous halide

solutions would require current densities at the crack tip of the

2
order of 600 amperes/cm , if the cracking were to proceed by anodic

dissolution.
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Strong evidence against a hydrogen-embrittlement mechan-
ism being operative in titanium alloys is that (a) failure does
not occur in acidic fluoride solutions which are known to intro-
duce hydrogen into titanium alloyszo, and (b) SCC does occur in
purified carbon tetrachloride containing traces of waterlq.

Concerning the mechanism of failure of titanium alloys in
nitrogen tetroxide, two mechanisms have been proposed. Sedriks,
et al.21 have suggested, primarily on the basis of metallogra-
phic studies, that the brittle-film model is operative (i.e.,
C.1l in Table I), whereas more recently Moreland and Boyd22 have
proposed an electrochemical-dissolution mechanism (i.e., A.l in
Table I) involving the formation of a TiO(NO,), complex. How-
ever, definitive studies on the titanium/nitrogen tetroxide
system are rendered difficult by the hazardous nature of this

environment.

Understanding of the SCC mechanisms in austenitic stain-

less steels remains in an ambiguous state. There is perhaps no

other alloy system where the observations are so complex and
difficult to interpret. As a result, this aspect of the SCC
problem is especially controversial. It is not feasible to sum-
marize all the possible mechanisms and associated observations
in this Summary Report. Comprehensive reviews from different

) , 23-25 }
viewpoints have appeared recently ; and so the emphasis here
will be on matters of broad interest and argument.

25 .
Instances of SCC in nuclear-power systems continue to

emphasize the deleterious influence of chloride ions in agqueous

-13-



media. Although SCC in practical systems may occasionally occur

in the absence of chloride ions, the latter is a causative agent

in the overwhelming majority of failures. It is, therefore, dis-

appointing that the role of chloride ions in the cracking process
is poorly understood. It is often presumed that they somehow

degrade a protective film. This degradation process is further

considered to be heterogeneous and localized in the areas where

cracks will appear. Clearly, a deeper understanding of the

action of chloride ions in the SCC of stainless steels warrants

further attention, and may even suggest a route to improved ser-

vice performance.

The literature on SCC of austenitic steels leads to the
inescapable conclusion that films are an essential consideration.
Immunity to SCC can conceivably result from a tight and continuous
film, while susceptibility to SCC can result from localized break-

down of the film (A.l in Table I). Accordingly, the circumstances

surrounding film formation, its general and localized destruction,

and film reformation on austenitic stainless steels should be ex-

plored in detail.

26
In this connection, Staehle has advanced the intriguing

concept that SCC susceptibility may perhaps be deduced from the
potential vs. current-density curve for a particular alloy/environ-
ment system. The suggestion is that SCC is associated neither with

full passivation nor with relatively rapid general dissolution,

but rather with the transition regimes between these two conditions.

Under such circumstances, the protective film is presumably meta-
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stable, and passivation may be destroyed locally by deleterious
factors such as chloride ions, emerging dislocations, etc. It
would be highly desirable to establish whether or not this con-
cept is generally applicable.

The localized destruction of passivating films due to
emerging slip steps is an essential feature of the slip/dissolu-
tion mechanism (A.l1 in Table I) for SCC in austenitic stainless
steelszq. The film-free area produced at the slip step is
thought to be the site of intense dissolution of the underlying
metal. Obviously, the repassivation kinetics are an important
feature of this mechanism. The walls of the advancing fissure
are assumed to be repassivated by film formation, with the se-
quences of slip-step formation and metal dissolution being re-
peated over and over at the fissure tip.

A major difficulty with this model for the SCC of stain-
less steels is that fractographic analyses of the crack surfaces
often show no evidence of dissolution or chemical activity. In-
stead, the visual appearance of the surface seems to be quite
compatible with crack propagation by mechanical processes. It
may be that the dissolution event occurs on too fine a scale to
be detected by current techniques; in any event, this observation
is perhaps the primary obstacle to the proposed slip/dissolution
model.

Substantial controversy also centers upon the question of
whether or not hydrogen is a key agent in SCC of austenitic stain-

less steels in aqueous media. It has been generally held that

-15-



austenitic stainless steels are immune to hydrogen brittleness,
and that there is no evident way in which aqueous media could
generate hydrogen at the crack tip. However, recent experiments

have refuted these objections. It has been shown that:

(a) copious hydrogen gas can be evolved near the tips

23
of propagating stress-corrosion cracks ;
(b) . the aqueous solution becomes highly acid, with a

PH of approximately unity, in the crack~tip vicin-

23,24

’

ity, independent of the bulk solution chemistry
(c) hydrogen brittleness occurs in 310 stainless steel
after cathodic charging27; although the hydrogen
concentrations required are much higher than for
ferritic steels; and
(a) hydrogen permeation through 310 steel takes place

. . . 28
under anodic polarization .

The first two observations demonstrate unambiguously that
hydrogen is present at the tips of propagating stress-corrosion
cracks in austenitic stainless steels, although the concentration
is certainly controlled by the metal-dissolution reaction. Much
more work is required to fill out the picture suggested by the
last two observations, but they do suggest the conceptual feasi-

bility of hydrogen brittleness as a cracking mechanism.
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In summary, three major and somewhat interrelated topics

have been identified as important for future research on the SCC

of austenitic stainless steels: |
{(a) role of chloride ions:

(b) all aspects of film formation, destruction, and

reformation; and
(c) role of hydrogen.

Resolution of these three controversial areas would es-
tablish scientific understanding and perhaps point hew ways to
improved service performance.

In comparison with metals and alloys, the environment-

sensitive mechanical behavior of glass and ceramic materials has

received relatively little attention. The state of knowledge in

29

this area has been recently reviewed by Westwood and Latanision
Three categories of fracture behavior are defined for glass:

(a) those dependent on adsorption-induced reduction in the

surface-free energyao, (b) those in which the presence of water

. L . .31
is critical, leading to stress-enhanced corrosion "; and (c)

those which depend on adsorption-induced variations in the flow

properties of the near-surface regions.

. . . . . g
In discussing these mechanisms, Westwood and Latanision?

have argued that, since certain organic environments are more

active than water in influencing fracture behavior, one should

question explanations of environment-sensitive fracture behavior



which depend on the corrosive influence of water. At the same
time, mechanisms based on adsorption-induced reduction in sur-

face~-free energy and variations in flow properties require fur-

ther experimental verification. For example, very little is

known about the actual mechanism of flow in glasses, and hence
any mechanism proposed for the environment-sensitive flow or

fracture of glasses can only be speculative in nature at this

stage.

The effects of environment on the fracture of crystalline
ceramics also demand critical study. Inasmuch as the hardness of
ceramic solids can be significantly affected by the presence of

. . 29 .
surface-active species , their fracture processes would be ex-

pected to be environment-sensitive. The effect of environment

on hardness, known as the "Rebinder effect," has been recognized

for several decades, and has been ascribed to an adsorption-induced

. . 32
reduction in the surface free energy . However, extensive stud-

) 29, .
ies by Westwood and co-workers indicate that the environmental
effect may be manifestation of adsorption-induced changes in flow

processes in the near-surface regions. Specifically, Westwood

suggests that adsorption of surface-active species will change
the ease with which dislocations (a) can move and interact so as

to initiate cracks, or (b) can be generated and move in the vi-

cinity of crack tips, thereby influencing crack propagation.
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4. Some New Elements of Understanding in SCC

4.1 Fracture Mechanics, Initiation Vs. Propagation

The greatly expanded use of high-performance systems has
led to increased difficulties in the utilization of high-strength
materials. Premature and low-stress failures have been encount-
ered in high-strength structures even in relatively mild environ-
ments. As a result of an epidemic of failures in high-strength
steels during the late 1950's, serious attention has been con-
centrated on the problem of predicting fracture performance of

high-strength materials in aggressive environments.

In many instances, failures occurred with material/environ-

ment systems which were considered safe on the basis of testing
procedures current at the time. These were mainly fracture-
initiation tests. Examination of service failures in high-
strength steels, however, showed that cracks almost invariably
initiated from flaws present in the material. These were mecha-
nical and/or metallurgical flaws or cracks arising from improper
processing and fabrication. It was, therefore, essential to
develop test procedures which focused on crack propagation.

It has now been amply demonstrated that test specimens
designed on the basis of fracture mechanics offer an adeguate
method for measuring and interpreting environmental-cracking
phenomena when crack propagation is the controlling feature.

The validity of this approach is at present limited to high-

strength and intermediate-strength materials, where the service

-19-~



conditions are such that the plastic zone around the crack tip is
a small fraction of the smallest dimension of the section; that
is, the material is loaded in plane strain. The fracture-
mechanics approach may be characterized as é "worst possible
case." 1In static loading, it may be used to estimate the maxi-
mum load-carrying capacity of a high-strength material in a

specified environment as a function of the stress-intensity

parameter.

The stress-intensity parameter is an appropriate normali-
zing factor in the sense that it "normalizes out" the effects of
specimen and load geometry. This means that the maximum stress
intensity observed to be safe in laboratory testing may also be
interpreted as the maximum stress intensity that a service com-
ponent can carry under static load in the given environment.

This threshold stress intensity, designated Kicco! is an impor-
tant measure of the resistance to environmental cracking. Unfor-
tunately, the various mechanisms which proport to explain environ-
mentél cracking have not yet been developed in sufficiently quan-
titative fashion to enable prediction or even understanding of
the observed KIscc values. This knowledge-gap should be a major
item on the agenda of future work.

In addition to providing a parameter which may be cor-
related with service applications, fracture mechanics also allows

quantitative measurement of the crack~growth rate as a function

of environmental and material variables. Crack-growth rates are

of considerable assistance in attempting to determine the mecha-
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nisms responsible for environmental cracking. With the use of
conventional smooth-section specimens, the study of crack-growth
kinetics would be a difficult and uncertain businesé because of
crack-initiation and multiple-crack problems.

It should be emphasized that the fracture-mechanics ap-
proach is one of measuring crack propagation from a prior flaw.
If crack propagation is not operative for most of the service
life, then estimates of time-to-failure in SCC based on fracture-
mechanics testing may not be realistic. This situation will
arise in smooth-section applications where the failure crack of-
ten originates at a pit in the surface of the material. In that
case, the majority of the service life may be consumed by the
formation and growth of the pit, rather than by the kinetics of
crack propagation. The transition from a pit to a crack is not
well understood.

Film formation and reformation may be key factors in the
relative importance of crack initiation vs. propagation in SCC.
This is evident from experience with titanium alloys in both
laboratory and service tests. SCC susceptibility is not observéd
in the testing of smooth sections of titanium alloys in aqueous
media. With a pre-cracked specimen, however, if the stress is
applied when the flaw is in the presence of an aqueous environ-

ment, then considerable susceptibility to environmental cracking

may be observed. On the other hand, if the environmental exposure

comes after the stress is applied, then there may be sufficient

time for a protective film to reform on the surface of the crack

..21_




before the aggressive exposure. Under these circumstances, a

much reduced susceptibility to environmental cracking is observed.
The latter case seems to correspond to service experience in which
film reformation often occurs at the tips of flaws or crevices,

thus limiting the susceptibility to environmental cracking. As a

result, titanium alloys have a better record in service than they

do in the laboratory testing of SCC with fracture-mechanics speci-

mens.

4.2 Stress-Corrosion Cracking Regimes

An interesting correlation between crack-growth rate (V)

and stress intensity (K) is evident from environmental-cracking

experiments:

log VvV I

V-K curves of this characteristic shape have been observed for a

wide variety of material/environment systems, including steels,

titanium and aluminum alloys, and glass. However, not all

material/environment systems necessarily exhibit all three re-

gimes.
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The essential point is that three regimes of crack pro-
pagation may be identified, with the attendant possibility that
a different mechanism is operative in each regime. Environmen-
tal parameters, e.g., temperature and solution chemistry, are
often observed to have different effects in the three regimes.
In some insténces, regime II is associated with crack branching,
and this may represent a quasi-steady-state situation in which
reaction with the environment occurs just fast enough to keep
up with the propagating crack.

In some instances, notably with steels and titénium
alloys, regime I becomes vertical at sufficiently low stress
intensities, suggesting the existence of a true threshold for
environmental crack extension (KIscc)‘ Further, in the case of
steels, crack-growth rates cannot be manipulated over orders of
magnitude by variations in composition, heat treatment or en-
vironmental parameters.

For aluminum alloys, the existing data do not indicate a
true threshold stress intensity;lrather, the curve in regime I
simply becomes steeper at low stress intensities but does not
appear to approach a true vertical asymptote. Thus, growth
rates may be controlled over many orders of magnitude by appro-
priate variations in composition, processing and heat treatment
schedules for the aluminum-base haterials. Safe performance may
be attained by this approach, even though a threshold stress

intensity is not observed.
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4.3 Crack-Tip Chemistry; Pourbaix Diagrams

It is now realized that the local chemistry within a
crevice, corrosion pit, or growing crack will often be quite
different from that of the bulk environment. There is reduced
circulation in such restricted regions, and corrosion products
tend to seal off the occluded area from the bulk environment.

From the work of B.F. Brown and his collaboratorssllk
one can conclude that, for a wide range of alloy compositions
and microstructures, the electrochemical conditions in an oc-
cluded corrosion cell shift toward a steady state in which
there is a driving force for the reduction of hydrogen ions.

As previously mentioned, this has been determined from measure-
ments of local pH and potential in aqueous solutions near the
tip of a growing crack. For example, with high-strength steels,
even in highly alkaline bulk environments, the solution at the
crack tip invariably becomes acidic at a pH value of about 3,
and the local potential becomes favorable for the reduction of
hydrogen ions. Similar situations prevail for aluminum alloys,
magnesium alloys, and titanium alloys, and most likely result
from the hydrolysis of metal ions.

In the light of the above findings, interest has been
further increased in hydrogen as a potential embrittling agent
in many alloy systems, even under bulk environmental conditions

which would otherwise appear unfavorable for the production of

hydrogen. Under an overall anodic potential, a hydrogen-induced
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failure crack in a smooth section must presumably originate at a
pit, inasmuch as restricted geometry is required for the acidifi-
cation process and allows the local electrochemistry to become
favorable for the generation of hydrogen.

There are still many unanswered questions regarding the
electrochemistry of an occluded corrosion cell. For example,
will the same experimental results be obtained for crécks grow-
ing in cyclic loading as for cracks growing in static loading?
One also wonders whether the crack-tip chemistry is a signifi-
cant factor in the SCC of stainless steels. Furthermore, a
wider range of chemical parameters in the bulk enviroment (in-
cluding dissolved oxygen) should be explored in relation to
the electrochemical conditions arising in the occluded corro-
sion cell.

The Pourbaix diagramlq is most helpful in interpreting
corrosion and SCC phenomena in agueous media. This type of
diagram is the electrochemical analog to a phase diagram, and
as such, it summarizes the thermodynamic characteristicslof the

environment/material system in graphical and compact form.

The information is presented as a plot of potential vs.
pH, where the lines on the diagram indicate the various chemical
equilibria involved. When suitable criteria have been adopted,
it becomes possible to delineate those regions in the Pourbaix
diagram which correspond to environmental-cracking suséeptibility,

and those which are regions of immunity.
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Although Pourbaix diagrams are now available for a num-
ber of metals in relatively pure agqueous media at room tempera-
ture, it is hoped that they will eventually be developed for

agueous media containing specific ions, such as chloride and

sulphide ions. Theoretical and experimental work on the effect

of temperature would also be of interest. The continued accumu-

lation of thermodynamic information in this compact form will

provide an invaluable compendium of data for the corrosion analyst

of the future. Of course, it goes without saying that such dia-

grams are based on equilibria rather than on kinetics.

Sedriks, et al,15 have recently suggested that in cer-

tain cases, particularly with aluminum and magnesium alloy sys-
tems in salt solutions, the composition of the solution at the

crack tip may be deduced from the solubility product of the

least soluble corrosion product. This may be a promising approach

to prediction of crack-tip chemistry from equilibrium electro-
chemistry.

4.4 Borderline Passivity Vs. SCC Susceptibility

26

It has been suggestedlrzy that in certain alloy/environ-

ment systems, the conditions regquired to produce susceptibility

to SCC correspond to the borderline between active and passive

behavior. It is assumed that a passive film forms and is then

ruptured at the crack tip by plastic deformation, enabling local-

ized anodic dissolution to occur (A.l1l in Table I); the (nondeform-

ing) crack walls are thought to remain passive and as cathodes.
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On the basis of this mechanism, some association is to be ex-
pected between the onset of passivity at the crack tip and sus-
ceptibility to SCC.

An example of the correlation between borderline passi-
vity and the initiation of SCC in Fe-Cr-Ni alloys is reported
by Staehlezg, who found that SCC occurs in the potential-current
regimes represented by either the onset of passivity or the on-
set of transpassive behavior. Another example of the correlation
between borderline passivity and the propagation of stress-
corrosion is provided by the Al-Zn-Mg alloy/aqueous chloride
systemls- Here, the composition of the solution at the crack
tips in these alloys appears to be determined by the onset of
aluminum hydroxide precipitation; this implies that, close to
the crack tip, equilibrium is approached between dissolving
aluminum ions and aluminum hydroxide, and is one in which border-
line conditions exist. Thus, a viewpoint is emerging that it
may become possible to define the environmental regimes of sus-

ceptibility in terms of the conditions which correspond to bor-

derline passivity.

4.5 Co-Planar Slip Vs. Easy Cross—Slip; Slip Bands Vs. Dis-
tributed-Slip

Interest in correlations between the deformation charac-
teristics of metals and alloys and their stress—corrosion sus-
ceptibility arose from attempts to explain the relative immunity

from stress~corrosion of certain "pure" metals. In addition, the
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transitioﬁs from intergranular to transgranular cracking in
susceptible alloys have also been related to the mechanical
behavior. Much of these considerations have been in terms of
the film—rupfure mechanism of failure (A.1 in Table I) parti-
cularly since surface films are more likely to be ruptured by
coarse than by fine slip. The height of slip steps in pure
metals and dilute alloys is small, and therefore film rupture
is less probable. Correspondingly, alloys of low stacking-
fault energy or in which ordering exists exhibit coarse slip,
and so film rupture should be more prevalent in these materials.
On the basis of the above argument, a correlation should

be manifest between susceptibility to transgranular SCC and the

occurrence of coarse slip (i.e.,, the formation of planar dis-
location arrays). This seems to be the case for brasses in
. . 1 9 ] L3
non-tarnishing agqueous ammonia solutions and for titanium
. ., 33 16 .
alloys in aqueous-chloride and methanol solutions. For
example, in titanium-aluminum alloys, increasing the aluminum

_ . . 23
content to >5 w/o restricts cross-slip , enhances co-planar

16

slip, and introduces susceptibility to transgranular cracking
While the generality of these correlations between de-
formation behavior (co-planar slip or discrete slip bands vs.
well-distributed slip) and SCC characteristics has not been
established, such relationships may ultimately prove to be a
valuable interpretive aid, especially in cases where film-rupture

mechanisms are operative.
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4.6 Relation of Metallurgical Structure to SCC

There are very few well-delineated relationships between
metallurgical structure and SCC. Even the conditions which con-
trol transgranular vs. intergranular crack propagation are not

vet clearly defined. As indicated above (Section 4.5), co-planar

slip tends to favor transgranular SCC. In fact, coarse slip seems

to be more detrimental than distributed slip in promoting both
transgranular and intergranular SCC.

Although impurity precipitates at grain boundaries are
considered to be undesirable, their behavior with respect to SCC
is not clear-cut. Perhaps it depends on their electrochemical
action and on the way they impede slip transfer across grain
boundaries.

There is evidence, at least in precipitation-hardened
aluminum-base alloys, that an overaged state is less susceptible
to SCC than that corresponding to peak hardness.

In high-strength steels, the refinement of grain size
may retard environmentally-induced crack propagation to some
extent, but it does not raise KIscc° Thusfar, even ultrafine-
grain refinement holds little promise as a practical solution.

The most general rule, however qualitative and unattrac—
tive, is that improved resistance to SCC can often be gained by

sacrificing the strength level of the alloy being tested.
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5. Some Important Issues

5.1 Role of Hydrogen

The idea that hydrogen is a causative agent in stress-

corrosion cracking in aqueous media is currently under much

debate. Interest in this concept has intensified following the

demonstration that the aqueous-solution chemistry at a crack tip
may differ substantially from that of the bulk solution, and in
a direction so as to favor the discharge of hydrogen. This has

been shown for steels and for alloys of titanium, aluminum, and

magnesium. Furthermore, copious hydrogen gas evolution from the

tip region of propagating stress-corrosion cracks has been ob-

served. Clearly, then, the crack-tip material 1s exposed to

hydrogen during crack propagation.

This does not prove that hydrogen is the agent responsible

for SCC, but it does suggest a possibility which cannot be dis-

missed. The amount of hydrogen produced is controlled by the

metal-dissolution reaction, and hence it may be exceedingly dif-

ficult to distinguish mechanisms based upon metal dissolution and

hydrogen embrittlement. Measurement of the temperature-dependence

of crack-propagation parameters might be discriminating. Fracto-

graphic evidence in most systems at present indicates a mechanical

mode of crack propagation, which is compatible with a hydrogen-

brittleness mechanism.

Unfortunately, there is no atomistic mechanism of hydro-

gen brittleness that commands general agreement. The mechanism

~30~
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is probably not better understood than it was many years ago.

Several observations suggest that hydrogen brittleness is local-

ized, but controversy still exists over whether the local site is

at the surface, or at an internal interface, or within the bulk
metal. It appears that the brittleness induced by hydrogen may
be of external or internal origin.

Crack propagation in low-pressure hydrogen gas is not
compatible with a pressure (void formation) mechanism, and this
has focussed attention on the hypothesis that hydrogen may de-
crease the cohesive strength relative to the shear strength by
weakening atomic bonds, either at an interface or in the bulk.
Gilman presented some novel ideas along these lines at this
Conference (see Paper XII). An experimental technique indepen-
dent of cracking observation and capable of assessing the in-
fluence of hydrogen upon the cohesion of a strained solid would
be most welcome, indeed.

It is also interesting to note a phenomological analogy
to hydrogen brittleness in the area of field-ion microscopy.
Here, the addition of hydrogen to the environment lowers the

electric field at which evaporation of atoms from the filament

tip will occur. The presence of very minute quantities of hydro-

gen in the system probably decreases the cohesion of the surface
layer of atoms with the bulk material underneath, conceivably by
the formation of hydride-like compounds. It is not known, how-

ever, whether this analogy between hydrogen-promoted evaporation
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under a strong electric field and the brittleness induced by

hydrogen in a high mechanical-stress field is physically real.

5.2 Role of Stress in Pit Formation; Pit/Crack Transition

The pitting process in halide solutions can be divided
into an initiation stage and a propagation stage. We shall con-~
sider the latter first. The propagation stage may be described
"as follows: The dissolution of metal within the pit produces an

excess of positive ions. As a result, the negatively charged

chloride ions concentrate within the pit. There is also a local

increase in the concentration of hydrogen ions due to the hydroly-

sis of metal ions. Both the increased acidity and concentration

of chloride ions further stimulate the dissolution of the metal

ions. The pit propagation process is, therefore, self-sustaining,

and does not require the presence of stress.
If the pit is growing in a stress field, plastic defor-
mation can occur at the base of the pit, and some acceleration

of dissolution may be expected due to an increase in the number

of active sites at the tip. The stress-assisted pitting process

is the basis of the stress-accelerated corrosion mechanism (A.2)

of SCC shown in Table I. Intuitively, one might assume that the

pit/crack transition would occur at the stage at which yielding
commences (or reaches some critical stage) at the base of the
pit. However, it is known that metal/environment systems in
which pitting occurs do not necessarily exhibit SCC. The problem

of pit/SCC transitions warrants much more study.

-32-

.

co C3

3

fm
L

(Y



The initiation process for pitting remains a matter of
dispute. While some consider that pits originate randomly on
the surface, others favor the view that they form at surface
defects. Plastic deformation leading to slip-step emergence
at the surface along with the rupture of a protecting film
would be expected to increase the number of pitting sites.

Qualitatively, then, localized plastic deformation is
believed to increase both the initiation-probability and growth-
rate of pitting, but the critical details remain obscure, as is

also the case for pit/SCC transitions.

5.3 Local Stress-Strain Conditions at a Crack Tip

We have seen that fracture-mechanics concepts are useful
in characterizing environmental-cracking systems when crack pro-
pagation is dominant. The central parameter in this approach is
the stress-intensity factor, a quantitative measure of the
locally-elevated elastic stress field in the vicinity of a crack
tip. However, this parameter provides no direct information on
the local stress-strain behavior in the plastic zone at the crack
tip, and it is the plastically-deforming material which interacts
with the environment.

To describe the environmental interactions at a crack
tip more accurately, it is necessary to develop some.understand—
ing of the stress-strain state within the plastic zone and at
the interface between the material and the environment. New

ideas are needed as to how this should be done. Possibly, a

-33~



continuum approximation involving plasticity theory will prove
to be sufficiently discriminating for practical approximations.
Another point of view is that the critical events are occurring
on such a.small scale that it will be necessary to develop a
discrete lattice approach to this particular problem (see Paper
IV by Thomson and Hirth at this Conference). Such calculations
will sureiy be difficult to develop on a realistic basis, in
view of the heterogeneous microstructure of many SCC-susceptible
alloys. In any event, the lack of quantitative description of
the plastic zone stands as a major barrier to the scientific un-
derstanding of the environmental cracking.

5.4 Control of Fracture Paths; Transgranular Vs. Intergranular
Cracks; Single Vs. Branching Cracks

As indicated in Section 4.5, there appears to be some
correlation between changes in fracture path from intergranular
to transgranular when the deformation behavior changes from
generally-distributed slip to co-planar slip for certain alloy/
environment systems. Nevertheless, there are instances in which
the intergranular/transgranular transition can be accomplished

simply by altering the environment. For example, Bush has re-

ported that with sensitized stainless steels, varying the pH

will change the crack path (see Paper IX of this Conference).

At pH = 5, cracking is transgranular; at pH = 4.5, it is mixed;
and at pH = 3.0 - 3.5, it is often intergranular. Bush also notes

that the stress level can shift these values.
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There is little agreement on what governs such environ-
mentally~-induced transitions in a crack path in stainless steels.
Available explanations remain unsubstantiated, and we shall not
enumerate them here. An important gap in knowledge is the aque-
ous~solution chemistry at the tips of stress-corrosion cracks in

stainless steels, such as has already been obtained for high-

1k

strength steels, aluminum, titanium and magnesium alloys . It

is desirable to know whether there are any differences in solu-
tion chemistry at the crack tips between transgranular and inter-
granular cracks.

There is.equally little fundamental understanding regard-
ing the metallurgical and environmental factors governing crack
branching. In their studies of high-strength aluminum alloys,
Hyatt and Speidel13 have found certain conditions under which
branching occurs. They have established that cracks will branch
in alloys which exhibit equiaxed grain structures, but only dur-
ing propagation in the K-independent part of the crack-velocity
(V) vs. stress—-intensity (K) regime. Hence, a correlation for
the onset of branching exists only relative to the V=K curve,
and not in terms of environmental or metallurgical variables.
Staehle26 has pointed out that the tendency toward crack branch-

ing is greater in the more ductile materials, such as copper

alloys and stainless steels.
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5.5 Question of Environmental Specificity; Trends Relative to
Strength Level

Much emphasis has been placed on the specificity of en-
vironments in causing SCC. However, with the development of
higher-strength alloys, the environments capable of inducing
SCC have multiplied. A striking example is given by Sandozsk
who tested a high-strength Ti-8Al1-8Mo-1V alloy in salt water and
most alcohols and alkanes. He found that all of the environments
examined caused crack propagation at stress intensities below that
required to produce fracture in dry air.

The specificity idea may still be valid for low-strength
materials. However, even in the case of alpha brass, which at
one stage was thought to crack only in ammoniacal environments,
the number of SCC-inducing environments has now increased to in-
clude citrate and tartrate solutionsss.

In considering the SCC of high-strength steels, Phelps35
has attempted to correlate the susceptibility with yield strength.
He was able to distinguish between chloride-induced and H,S-in-
duced types of failure: the "threshold" for chloride-cracking
came at a yield strength of 180,000 psi, and for hydrogen-sulphide-
cracking at a yield strength of only 115,000 psi. Accordingly, in
this comparison, the chloride environment was less aggressive rel-

ative to SCC than the H,S environment, and so tolerated a higher

strength level in the steel.
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